INTRODUCTION
Staphylococcus aureus is a versatile zoonotic pathogen that can persist throughout the environment as well as in various niches of the human host. S. aureus can act as a commensal primarily of the nares; however, it can also colonize numerous host tissues leading to an overwhelming number of different clinical manifestations, ranging from skin and soft tissue infections to endocarditis (Reddy, Srirama and Dirisala 2017) . Central to the ability of S. aureus to survive these various harsh environments is its complex regulatory network, made up of transcription factors, small RNAs and σ factors. The latter of these act to direct RNA polymerase to initiate transcription from certain promoters to combat external stress. Staphylococcus aureus has four known σ factors, the primary σ factor, σ A , which directs transcription of housekeeping genes (Deora and Misra 1996) , and three alternative σ factors. These alternative σ factors include σ B , which is the most well characterized and is responsible for the transcription of genes involved in heat, oxidative and antibiotic stresses (Bischoff et al. 2004; Hecker et al. 2009; Mitchell et al. 2010; Chen et al. 2011) ; σ H , which is involved in transcribing competence genes and modulating prophage integration and excision (Tao, Wu and Sun 2010; Fagerlund, Granum and Havarstein 2014) ; and the extracytoplasmic function σ factor, σ S , previously identified and characterized by our group (Shaw et al. 2008; Miller et al. 2012; Burda et al. 2014; Krute et al. 2015) . The transcription of the sigS locus in S. aureus has been shown to be minimal during standard laboratory growth conditions in a majority of strains, with the exception of the highly mutated strain, RN4220 (Miller et al. 2012) . Expression of the sigS locus occurs when S. aureus is exposed to certain exogenous stresses, including DNA damaging agents, chemicals that disrupt the cell wall and components of the innate immune system (Miller et al. 2012) . Mutation of sigS results in increased susceptibility to these aforementioned stresses and leads to decreased virulence in a murine model of septic arthritis (Miller et al. 2012) . A four base pair deletion within the sigS coding region, leading to truncation of the σ S protein, has been identified in strains isolated from subclinical ovine mastitis cases (Le Marechal et al. 2011) . This truncation was found to diminish the innate immune response in a murine model of mastitis (Peton et al. 2016) . This same deletion has also been described in three S. aureus strains of the ST59 lineage; two of which were isolated from cases of pediatric pneumonia and the third from a wound, suggesting that σ S may not be required for these clinical manifestations (Huang et al. 2012; Chen et al. 2013; Qu et al. 2014) .
In this study, we identified a unique transcriptional start site within the sigS coding region, highlighting the complexities of sigS operon architecture. We re-examined transcription of the three originally identified upstream promoters (Miller et al. 2012) in combination with the newly identified promoter (P4). In so doing, we reveal that the internal promoter drives the majority of expression under in vitro conditions, yet one or more of the upstream promoters are induced upon challenge by components of the innate immune system. While the exact role of this newly identified, internal promoter is still unknown; it suggests a novel regulatory mechanism of the sigS operon involving unique associations between sigS and the downstream genes SACOL1828 and SACOL1829.
MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions
All bacterial strains, plasmids and primers used in this study are listed in Table 1 . Routinely, E. coli was grown in Luria-Bertani medium and S. aureus in tryptic soy broth (TSB) at 37
• C with shaking at 250 rpm, unless otherwise indicated. Synchronized cultures were obtained as described previously (Shaw et al. 2008) . When necessary, antibiotics were added at the following concentrations for S. aureus: erythromycin 5 μg ml −1 and lincomycin 25 μg ml −1 ; and for E. coli: ampicillin 100 μg ml −1 .
Construction of the sigS-lacZ (P1-P3) fusion
The promoter region of sigS, including only the three upstream promoters, was amplified as a 1 kb PCR fragment using primer pair OL-281/OL-1570 (Table 1) . The purified DNA fragment was digested with BamH1 and EcoRI and cloned into similarly digested pAZ106 (Kemp et al. 1991) . Staphylococcus aureus RN4220 was transformed with the resulting plasmid, pHKM2 and integrants were confirmed by PCR analysis, creating strain HKM09. A representative clone was then used to transduce S. aureus 8325-4, SH1000 and USA300 LAC strains using φ11, with clones again confirmed by PCR analysis. This created strains HKM10, HKM11 and HKM12.
Rapid amplification of cDNA end
Rapid amplification of cDNA end (RACE) was performed utilizing the TaKaRa 5 -Full RACE Core Set kit (Takara Bio, Mountain View, CA) according to the manufacturer's instructions, and as described previously . First strand cDNA was synthesized with the 5 end-phosphorylated primer (OL1074). PCR reactions were carried out with primer pairs (OL915/OL916) and (OL917/OL918). Amplified cDNA products were cloned into the pSC-A TA cloning vector. Resulting constructs were analyzed by sequencing (MWG Operon).
Primer extension analysis
Primer extension analysis was carried out as previously described (Miller et al. 2012 ) using the AMV reverse transcriptase (RT) primer extension system (Promega, Fitchburg, WI) according to the manufacturer's instructions. RNA was extracted using the RNeasy kit (Qiagen, Germantown, MD) as previously described (Kolar et al. 2011) . Reactions were carried out using 32 μg of RNA with primers sigS3 (OL1529) and sigS4 (OL1530).
β-Galactosidase assays
Levels of β-galactosidase activity were measured as described previously (Miller et al. 2012) . The results presented herein are representative of three independent replicates that showed less than 10% variability.
Plate-based assay for the determination of altered transcription resulting from external stress
The 8325-4 sigS-lacZ (P1-P3) fusion strain was exposed to a variety of chemical stressors in the presence of X-gal (40 μg ml −1 ) in a modified disk diffusion assay, as previously described (Miller et al. 2012) Transcriptional analysis during growth in porcine serum
Assays were carried out using filter-sterilized porcine serum (Sigma, St. Louis, MO) as described previously (Miller et al. 2012) . The data presented are from three independent replicates and analyzed using a Student t test with a 5% confidence limit to determine statistical significance.
Macrophage cell culture and S. aureus intracellular transcriptional analysis
Assays were carried out using the RAW 264.7 murine leukemic monocyte macrophage cell line (ATCC TIB-71) as described previously (Miller et al. 2012) . The data presented are from six independent replicates and analyzed using a Student t test with a 5% confidence limit to determine statistical significance. 
Northern blot analysis
Northern blots were performed as described by us previously (Carroll et al. 2016) . RNA was extracted from synchronized cultures of S. aureus USA300 grown for 3 h. The probe used was an oligonucleotide specific for SACOL1829 (OL3366) that was end labeled with P 32 .
RESULTS
Exploration of sigS operon architecture reveals a unique internal promoter
We have previously shown that sigS transcription is variable between different isolates of S. aureus and is strongly affected by external stress (Shaw et al. 2008; Miller et al. 2012) . From primer extension mapping, we determined that the expression of this locus is driven by three promoters upstream of the sigS operon in S. aureus strain RN4220 during exponential growth (Miller et al. 2012) . To assess how these promoters are influenced (activated or silenced) by external stress, we sought to re-evaluate the transcription start site(s) under alternative conditions shown to induce transcription from this locus. To this end, we performed 5 RACE analysis using the laboratory strain 8325-4, in the presence of 2.5 mM of the DNA damage agent methyl methanesulfonate at hour 5, a condition previously determined to elicit maximal expression of sigS (Miller et al. 2012) . A total of 14 independently generated sequences were analyzed from this work, and, quite surprisingly, all 14 sequences demonstrated a unique transcriptional start site 85 nucleotides 3 of the putative sigS start codon (Fig. 1A) .
Based on this finding, we sought to examine whether this promoter was also detectable in other S. aureus strains. As such, we repeated our 5 RACE analysis in the laboratory strain, SH1000, the same strain previously used for our preliminary characterization of σ S (Shaw et al. 2008) . A total of three independently generated sequences from SH1000 under standard conditions at hour 3 were analyzed, all of which confirmed the presence of a transcriptional start site 85 nucleotides 3 of the putative sigS start codon. To validate these findings, we used a second method of promoter mapping, primer extension. Using RNA from the laboratory strain RN4220 grown under standard conditions for 3 h, and two separate primers located 120 nucleotides (nt) and 200 nt downstream of the sigS initiation codon, we identified the same unique start site, bearing a guanine plus 1 residue, located 85 bp downstream of the sigS translation start site ( Fig. 1B and C) . The examination of the surrounding sequences for this novel start site reveals a putative σ A promoter located 6 nt away with a −10 sequence of TATAAT, followed by a 15-bp spacer and the −35 element, TTaAaA (where lowercase typeface indicates nucleotides that differ from consensus). Collectively, these data demonstrate a unique internal promoter that exists under both standard and stress inducing conditions across multiple S. aureus strains.
The internal promoter drives the majority of expression for the sigS locus
Previously our group performed transcriptional analysis of sigS utilizing a reporter gene fusion construct by placing the lacZ Figure 1 . Promoter mapping of sigS reveals a unique promoter internal to the coding region (A) 5 RACE analysis was performed on the sigS operon resulting in the identification of a transcriptional start site located 85 nucleotides 3 of the sigS start codon (P4), depicted in red. Analysis of the sequences upstream reveals a putative σ A promoter with a consensus −10, a near consensus −35 and a truncated spacer. These findings are in addition to our previous primer extension analysis, which identified the three upstream promoters (P1-P3) (Miller et al. 2012) . Binding sites for primer extension oligonucleotides sigS3 and sigS4 are indicated. (B) Primer extension reactions were carried out using oligonucleotides sigS3 and sigS4 with (+) or without (−) the addition of RNA. Primer extension products were identified for each reaction containing RNA, corresponding in size to ∼120 nt for sigS3 and ∼200 nt for sigS4, indicating that the same transcription start site for both. (C) The sigS4 primer extension product representing the complement strand was run alongside a DNA sequencing reaction performed using the same oligonucleotide. The transcription start site of the coding strand was identified as a G residue located 85 nucleotides into the sigS coding sequence.
gene under the control of the sigS promoters (Shaw et al. 2008; Miller et al. 2012; Burda et al. 2014) . As this construct contains the upstream promoters P1, P2, P3 previously identified by us (Miller et al. 2012) , as well as the newly identified internal promoter P4 (herein termed sigS-lacZ (P1-P4) ), we sought to differentiate expression between them. Accordingly, we generated a second fusionconstruct to assess activity of only the upstream promoters (P1, P2 and P3) denoted sigS-lacZ (P1-P3) ( Fig. 2A) . We then repeated our analysis of sigS promoter activity utilizing this new construct under conditions previously demonstrated by us to induce sigS expression (Miller et al. 2012) . We began by utilizing the highly mutated laboratory strain RN4220, which is known to exhibit the strongest expression of sigS under standard conditions (Miller et al. 2012) . Interestingly, unlike that of the original sigS-lacZ (P1-P4) fusion strain, growth of the RN4220 sigS-lacZ (P1-P3) fusion strain on TSA containing X-gal resulted in no blue coloration (Fig. 2B) . This finding was corroborated by β-galactosidase expression analysis, where the activity of the RN4220 sigS-lacZ (P1-P3) fusion in liquid culture was assayed over the course of 24 h (Fig. 2C) . Comparison of the differences between the two RN4220 sigS-lacZ fusions demonstrates 38-and 70-fold higher levels of expression by hours 3 and 4, respectively, in the original RN4220 sigS-lacZ (P1-P4) strain relative to RN4220 sigS-lacZ (P1-P3) (Fig. 2D) . These findings suggest that the majority of transcription observed in the original RN4220 sigS-lacZ (P1-P4) fusion strain is a direct result of expression from the internal P4 promoter.
We previously utilized a modified disk diffusion assay to explore whether transcription could be induced from the sigS locus via external stress. Through this assay, we observed significant inducibility in the 8325-4 background (Miller et al. 2012) . In order to assess the extent to which the upstream promoters contribute to this inducibility, we repeated our analysis in the 8325-4 sigS-lacZ (P1-P3) background. Similar to the RN4220 background, expression from the upstream sigS promoters is negligible, as evidenced by a lack of blue coloration during exposure to each of the chemical stressors previously identified by our group (data not shown), including sodium hydroxide, sodium dodecyl sulfate, hydrogen peroxide, ethyl methane sulfonate, methyl methane sulfonate, ciprofloxacin, nalidixic acid, cefotaxime, ampicillin, oxacillin, phosphomycin and chloramphenicol (Miller et al. 2012) .
Expression from the sigS P1-P3 promoters is induced upon challenge by components of the innate immune system
Our previous studies demonstrate that expression of the sigS fusion strain, containing all four identified promoters, is highly induced during growth in pig serum as well as postphagocytosis by RAW 264.7 murine-like macrophages (Miller et al. 2012 ). As such, we sought to examine the inducibility of the three upstream promoters, separate from P4, upon challenge by The sigS-lacZ (P1 -P3) fusion in RN4220 was grown in TSB at 37
• C and sampled every hour for 10 h and again at 24 h. β-Galactosidase activity (left y-axis) and OD600 (right y-axis) were measured to determine levels of expression. Assays were performed on duplicate samples and the values averaged. The results presented here are from three independent experiments that showed less than 10% variability. (D) Fold changes demonstrating expression differences during growth under standard conditions in the RN4220 background for the original sigS-lacZ (P1 -P4) fusion relative to the sigS-lacZ (P1 -P3) fusion.
components of the innate immune system. As demonstrated in Fig. 3A , analysis of the 8325-4 sigS-lacZ (P1-P3) fusion strain during growth in serum relative to TSB demonstrates increases of 6.4-, 7.3-and 22-fold at hours 1, 5 and 24, respectively. In the SH1000 sigS-lacZ (P1-P3) fusion, expression increased 2.4-, 1.6-and 12.5-fold over 1, 5 and 24 h, respectively. Finally, expression of USA300 LAC sigS-lacZ (P1-P3) increased 1.6-and 1.3-fold during hours 1 and 5, with a significant increase of 8.6-fold by hour 24. Collectively, these data suggest that one or more of the upstream sigS promoters are active upon exposure to the immune components present in serum. At hour 5, expression of the original sigS-lacZ (P1-P4) fusion is 12-, 20-and 6-fold greater in the 8325-4, SH1000 and USA300 LAC backgrounds relative to that of the sigS-lacZ (P1-P3) fusion (Fig. 3B) , which suggests that the internal promoter is also active during growth in serum, and to a larger extent than the upstream promoter(s). Interestingly, the difference in expression between the original sigS-lacZ (P1-P4) fusion containing all four promoters and the sigS-lacZ (P1-P3) fusion decreases by 24 h in every background analyzed, yet overall expression values still increase relative to growth in TSB.
These findings would suggest that one or more of the upstream promoters are active during growth in serum and that activity of the P4 promoter likely precedes expression of the upstream promoter(s). In order to investigate whether the upstream sigS promoters are active during intracellular growth, we infected RAW 264.7 murine-like macrophages at an MOI of 1:100 and compared β-galactosidase activity of the sigS-lacZ (P1-P3) fusion strains 24 h post-phagocytosis. We again noted significantly increased expression in all strains tested (Fig. 3C) . As with the original sigS-lacZ (P1-P4) fusion, the highest level of expression was observed in the 8325-4 background (Fig. 3C) (Miller et al. 2012 ). In the 8325-4 sigS-lacZ (P1-P3) fusion, we observed a fold increase of 43.2 by hour 24, relative to TSB (Fig. 3C) , while expression increased 5.4-and 3.8-fold in the SH1000 and USA300 LAC backgrounds, respectively. These expression profiles suggest that one or more of the upstream promoters are active during growth inside macrophages. Furthermore, comparison of the original sigS-lacZ (P1-P4) fusion versus the sigS-lacZ (P1-P3) fusion reveals that the majority of transcription in the 8325-4 background is The sigS-lacZ (P1 -P3) fusion in the 8325-4, SH1000 and USA300 LAC backgrounds were assayed for β-galactosidase activity during growth in porcine serum, with measurements taken at hours 1, 5 and 24 post-exposure; as well as from the inoculum (grown in TSB; T). (B) Fold changes demonstrating expression differences during growth in serum for the original sigS-lacZ (P1 -P4) strains relative to the sigS-lacZ (P1 -P3) strains. (C) The sigS-lacZ (P1 -P3) fusion in the 8325-4, SH1000 and USA300 LAC backgrounds were assayed for β-galactosidase activity during intracellular growth with measurements taken prior to phagocytosis (black) and 24 h post phagocytosis (grey) by RAW 264.7 murine macrophage-like cells. Cells were infected at an MOI of 1:100 and incubations carried out at 37
• C in a humidified atmosphere of 5% CO2. (D) Fold changes demonstrating expression differences postphagocytosis for the original sigS-lacZ (P1 -P4) strains relative to the sigS-lacZ (P1 -P3) strains. The data presented are from at least three independent experiments. Error bars are shown ± SEM; * P < 0.05, * * P < 0.001, * * * P < 0001, * * * * P < 0.00001, * * * * * P < 0.000001 using a Student t test.
driven by the internal promoter, as demonstrated by a 15-fold difference in expression (Fig. 3D) . In contrast, only slight differences in expression were observed for the sigS-lacZ (P1-P4) fusion compared to the sigS-lacZ (P1-P3) fusion in the SH1000 and USA300 LAC backgrounds (Fig. 3D) . Collectively, these data suggest that both the upstream and internal promoters are active during challenge by components of the innate immune system and further supports our previous hypothesis that σ S is important during the interaction of S. aureus with its host. While the specific host factors required for upregulation of sigS transcription are currently unknown, it is tempting to speculate that antimicrobial peptides may have at least some role in this regard. This is supported by the observation that sigS expression is upregulated by cell-wall destabilizing agents in vitro (Miller et al. 2012) , and that ECF-sigma factors in other organisms have been shown to respond to AMPs (Helmann 2006; Ho and Ellermeier 2011; Haines-Menges, Whitaker and Boyd 2014) .
DISCUSSION
Previously our group identified three transcriptional start sites 5 of the sigS coding region (Miller et al. 2012) . In this study, we performed additional promoter mapping of the sigS locus revealing a fourth discrete transcriptional start site located 85 nucleotides 3 of the sigS start codon. Analysis of the region 5 of the start site reveals the presence of a putative σ A consensus sequence (TTaAaA (−35 element)-15-TATAAT (−10 element)) (Fig. 1) . Based on the unique location of the newly identified sigS promoter, it is tempting to speculate that the resulting transcript codes for a truncated σ S product. Indeed, 27 nucleotides 3 of this new transcriptional start site is a putative start codon in-frame with the sigS coding region (Fig. 4A) . However, analysis of the transcript reveals only one candidate ribosome binding site (RBS) located 10 nucleotides 5 of the SACOL1828 putative start codon (Fig. 4A ). This suggests that the P4 promoter generates a transcript bearing a 499-nucleotide untranslated region (UTR) 5 of SACOL1828. Submission of the 5 UTR to the RNA folding prediction web server, Mfold, reveals the potential for post-transcriptional regulation of SACOL1828 as a result of secondary structures within the RBS (Fig. 4B) (Zuker 2003) . Bioinformatic analysis of SACOL1828 reveals a ComK-like domain located in its C-terminus. In Bacillus subtilis, ComK acts as a DNA-binding protein involved in the upregulation of itself and other competence genes, suggesting a possible role for SACOL1828 as a DNA-binding protein that may act within the sigS operon (van Sinderen et al. 1995) . Further to this, ComK of B. subtilis associates with ClpC and MecA in a complex, indicating that it also possesses protein-binding ability (Turgay et al. 1997; Turgay et al. 1998; Dubnau et al. 2002; Nakano, Nakano and Zuber 2002 The mRNA sequence of the P4 transcript, including the transcript start site (+1), the putative internal in-frame sigS start codon (AUG), the sigS stop codon (UAG), the SACOL1828 RBS (CGAGG, in blue) and the SACOL1828 start codon (UUG). (B) Mfold analysis of the 499 nucleotide 5 UTR through the start codon of SACOL1828. The RBS is highlighted in blue. (C) Architecture of the sigS operon as revealed by RNAseq analysis in the USA300 wildtype strain (Weiss et al. 2014) . Red reads indicate transcription from the negative strand, while green reads indicate transcription from the positive strand. As shown, the majority of reads appear to originate from the SACOL1829 locus and extend across the sigS-SACOL1828 coding region in an antisense fashion. (D) Northern blot analysis of the SACOL1829 transcript in the USA300 wild type. The transcript size of approximately 1.5 kb supports that suggested by RNAseq, spanning the entire SACOL1829-SACOL1828-sigS region, rather than the ∼450 bp of SACOL1829 alone.
Interestingly, we have evidence to suggest that transcription of a downstream gene, SACOL1829, which is transcribed in the opposite direction to the sigS operon, leads to a transcript with an extended 3 UTR that spans across the entire sigS locus ( Fig. 4C and D) . We hypothesize that this transcript may function as an additional level of regulation to inhibit translation of mRNA transcript(s) generated from the sigS operon. If this is true, perhaps one function of the P4 generated transcript is to compete with the SACOL1829 3 UTR to allow for translation of mRNA from the sigS locus. This hypothesis is supported by the fact that activity of the P4 promoter appears to precede that of the upstream promoter(s) post-exposure to components of the innate immune system. Currently, our group is working to further elucidate the regulatory mechanisms controlling expression and translation of components within the sigS locus, including understanding the function of the P4 and extended SACOL1829 transcripts.
